Abstract The accurate segregation of duplicated chromosomes, essential for the development and viability of a eukaryotic organism, requires the formation of a robust microtubule (MT)-based spindle apparatus. Entry into mitosis or meiosis precipitates a cascade of signalling events which result in the activation of pathways responsible for a dramatic reorganisation of the MT cytoskeleton: through changes in the properties of MT-associated proteins, local concentrations of free tubulin dimer and through enhanced MT nucleation. The latter is generally thought to be driven by localisation and activation of γ-tubulin-containing complexes (γ-TuSC and γ-TuRC) at specific subcellular locations. For example, upon entering mitosis, animal cells concentrate γ-tubulin at centrosomes to tenfold the normal level during interphase, resulting in an aster-driven search and capture of chromosomes and bipolar mitotic spindle formation. Thus, in these cells, centrosomes have traditionally been perceived as the primary microtubule organising centre during spindle formation. However, studies in meiotic cells, plants and cell-free extracts have revealed the existence of complementary mechanisms of spindle formation, mitotic chromatin, kinetochores and nucleation from existing MTs or the cytoplasm can all contribute to a bipolar spindle apparatus. Here, we outline the individual known mechanisms responsible for spindle formation and formulate ideas regarding the relationship between them in assembling a functional spindle apparatus.
Part I: The mechanisms underpinning spindle assembly
Centrosome-nucleated MTs
Early experiments in animal cells unequivocally established centrosomes as the primary microtubule organising centres (MTOCs) during mitosis (see Varmark 2004 for review). For example, unfertilised Xenopus embryos, which do not ordinarily contain a centrosome, will undergo cell cycle oscillations when pricked with a needle. However, these embryos will not undergo cell division unless a centrosome is co-injected (Maller et al. 1976) . Centrosomes consist of a pair of perpendicular centrioles that organise the surrounding pericentriolar material (PCM; Bobinnec et al. 1998 ). The PCM is an electron-dense structure consisting of many proteins, including γ-tubulin, probably in the form of the γ-tubulin ring complex (γ-TuRC; Hannak et al. 2002) . Increased nucleation of microtubules (MTs) by centrosomes at the onset of mitosis or meiosis depends on the coordinated action of centriolar and PCM components that recruit and anchor increased amounts of γ-tubulin at the spindle pole. In human cells, this is facilitated, at least in part, by the centrosomal protein, Pericentrin (Zimmerman et al. 2004 ). In flies, where the pathway of centrosome maturation has been more extensively studied, the Pericentrin-like protein (D-PLP) shares this role with centrosomin (Cnn; Martinez-Campos et al. 2004) . The localisation of both these PCM proteins is dependent upon the presence of the core centriolar component D-Spd2 (Dix and Raff 2007; Giansanti et al. 2008) , whilst the phosphorylation of Cnn by the mitotic kinase, Polo, correlates with centrosome maturation (Dobbelaere et al. 2008) , suggesting a hierarchical pathway in which γ-tubulin is targeted and maintained at the PCM in a stepwise fashion.
Interestingly, centrosome maturation does not fully account for the increase in astral MTs nucleated early in mitosis. Centrosomal MTs, once formed, do not remain tightly bound, but are nonetheless held in the vicinity of the PCM (Mastronarde et al. 1993; Wakefield et al. 2000; Varmark 2004 ). Whether the detachment of newly nucleated MTs from the γ-TuRC template is a passive process or whether an active severing of MTs close to the minus end occurs, it is clear that maintaining an interaction between MTs and the PCM is crucial for centrosome function; the loss of microtubule-associated protein (MAPs) such as NuMA, in mammalian cells, and Asp, in flies, leads to centrosomes that continue to nucleate short astral MTs, but that detach from the bulk of MTs that have already contributed to the growing spindle (Gonzalez et al. 1990; Merdes et al. 1996; Wakefield et al. 2001) .
The dramatic increase in centrosome-driven MT nucleation at the onset of mitosis described above leads to the astral arrays so familiar in textbooks (Fig. 1) . Although initially radial, the centrosomally derived MTs begin to grow with directional bias such that the density of MTs between the centrosomes and the mitotic chromatin is greater than between the centrosomes and the cell cortex. It is currently unclear which mechanisms precipitate this directionality though a gradient of MT-stabilising activity affecting MAPs and MT motor proteins at mitotic chromosomes is likely to be important.
Despite the well-characterised function of centrosomes during spindle formation, it is clear that higher plants do not employ this mechanism (see article from Zhang and Dawe in this issue; Shimamura et al. 2004; Brown and Lemmon 1997) . In addition, there is much accumulated evidence of acentrosomal meiotic systems in animal cells, such as mouse (Calarco-Gillam et al. 1983) , Xenopus (Heald et al. 1996) and Drosophila (Matthies et al. 1996) . Furthermore, physical displacement of centrosomes from the nucleus in crane fly spermatocytes, or laser ablation of both centrosomes during prophase in monkey CVG-2 cells by laser microsurgery, does not disrupt bipolar spindle assembly (Steffen et al. 1986; Khodjakov et al. 2000) . The observation that cells within a developing animal which normally contain centrosomes could, in fact, build a functional spindle in the complete absence of these organelles was confirmed genetically through removing, first core centrosomal and then core centriolar, proteins in fruit flies. Drosophila cnn-null mutants fail to recruit PCM, thus rendering centrosomes functionally inactive. Nonetheless, spindles in cnn-null mutants are formed in the absence of astral MTs, and these flies develop to adulthood with few observable defects in morphology or developmental timing (Megraw et al. 2001) . Moreover, a null mutant in DSas-4, a centriole duplication factor, develops into a morphologically normal adult. Although severe coordination defects due to a lack of cilia are ultimately lethal for these adults and larval brain cells commonly show both a delay in mitosis and a failure to establishing asymmetry, bipolar mitotic spindles capable of chromosome segregation form (Basto et al. 2006) . Thus, it is clear that although when present centrosomes dominate, they are not essential for spindle assembly.
Ran-dependent, chromatin-directed MT generation
The ability of cells to build a spindle in the absence of centrosomes implies that redundant mechanisms must exist to generate and organise MTs. An alternative route to spindle formation in animal cells has been described most clearly in an in vitro system using Xenopus egg extracts. When sperm nuclei (containing centrosomes) are added to such extracts, focused spindles form primarily via centrosomal nucleation of MTs followed by the concerted action of motor proteins such as cytoplasmic dynein and MAPs, such as NuMA (Sawin and Mitchison 1991; Heald et al. 1997) . However, the addition of beads coated with mitotic chromatin to activated extracts lacking centrosomes also initiates the formation of spindles with two focussed poles possessing a similar distribution of spindle lengths as those with centrosomes (Heald et al. 1996) (Fig. 1) . Interestingly, however, these spindles take much longer to form and pass through a number of intermediate structures not seen when centrosomes are present.
This chromatin-directed MT assembly is dependent upon the small GTPase Ran (Carazo-Salas et al. 1999; Kalab et al. 1999 ) via the localisation of its guanine nucleotide exchange factor, RCC1 (Moore et al. 2002; Li et al. 2003) . Upon nuclear envelope breakdown, RCC1 binds to condensing chromatin. This generates a well-characterised gradient of Ran.GTP in the vicinity of the chromosomes. First described in the Xenopus in vitro system, using FRET reporters (Kalab et al. 1999) , this gradient has also been shown to be present in human somatic cells (Kaláb et al. 2006) . MT organisation by Ran.GTP relies upon its liberation of cargo proteins from the nuclear import factor Importin-β (reviewed by Ciciarello et al. 2007 ). These liberated cargoes, termed spindle assembly factors, include TPX2, a spindle pole protein required for the targeting of XKlp2 to MT minus ends (Wittmann et al. 2000; Gruss et al. 2001 ) and the MT-associated protein HURP (Wong et al. 2006) . TPX2 induces aster formation at the spindle poles via a physical interaction with Aurora A, contributing to the activation of the kinase (Trieselmann et al. 2003) . Active Aurora A then stabilises MTs via a protein complex containing Msps/XMAP215, Eg5 and HURP (Koffa et al. 2006) .
However, in the absence of pre-polymerised MTs, HURP has also been shown to act to stabilise MTs independently of this complex in a Ran.GTP-dependent manner (Casanova et al. 2008) . Moreover, Xenopus extracts with the Ran.GTP gradient flattened can support bipolar spindle formation when sperm nuclei (containing kinetochores and centrosomes) are added, thus implicating additional spatial signals for guiding MT growth (Maresca et al. 2009a ).
Kinetochore-driven MT generation
For over 35 years, it has been known that kinetochores can initiate MT polymerisation independently of centrosomes in mammalian tissue culture cells (McGill and Brinkley 1975; Snyder and McIntosh 1975) . Live imaging of MTs has conclusively shown that in normal mitotic cells, these kinetochoregenerated MTs exist, incorporating into the growing, centrosome-driven spindle in a dynein-dependent process via their capture by astral MTs (Khodjakov et al. 2003; Maiato et al. 2004; see Rieder 2005 for review) (Fig. 1) .
However, the mechanisms underlying kMT generation, and their contribution to spindle assembly in normal cells, have been difficult to elucidate. This is mainly due to the relationship between MTs and kinetochores. In the classical search-capture model of chromosome alignment (Kirchner and Mitchison 1986; Nicklas et al. 1994) , astral MTs from opposing centrosomes attach to kinetochores, facilitating chromosome congression. But if MTs from the same pole attach to sister kinetochores, the interaction is selectively destabilised such that "correct" MTkinetochore relationships can be established. Thus, kinetochores must contain MT binding sites and act as a readout of merotely and syntely, in addition to themselves generating MTs.
The mechanism by which kinetochores themselves nucleate MTs appears to be, like general chromatinmediated MT generation, dependent on Ran.GTP. Injection of Importin-β and depletion of either TPX2 or HURP both diminish MT formation at kinetochores following MT depolymerisation (Tulu et al. 2006; Yang and Fan 2008) , whilst the fraction of Ran. GTP present at kinetochores appears to be responsible for nucleating kinetochore-associated MTs (Torosantucci et al. 2008) . However, live analyses of cells undergoing mitosis with unreplicated genomes (MUG) complicate this interpretation. Following treatment with hydroxyurea, kinetochores become uncoupled from chromosomes, forming a bipolar spindle, whilst unreplicated chromatin is excluded from the spindle (Brinkley et al. 1988; O'Connell et al. 2008) . During MUG, RCC1 binds chromatin, but not kinetochores, suggesting that kinetochores can support bipolar spindle formation without the direct influence a Ran. GTP signal (O'Connell et al. 2009 ). Thus, a precise relationship between Ran.GTP and kinetochore-driven MT generation remains ambiguous.
CPC-directed MT generation
The chromosomal passenger complex (CPC)-consisting of Aurora B, INCENP, Survivin and Borealin/ Dasra-B-is required for spindle bipolarity, chromosome alignment and cytokinesis. Its presence at the chromosome arms during early prometaphase implicates it in MT stabilisation; its re-localisation to the inner centromeres at late prometaphase enables it to regulate the stability of kinetochore-kMT interactions (for review, see Ruchaud et al. 2007 ), whilst its presence along the spindle suggests a more general role in MT generation during spindle formation (Tseng et al. 2010; our unpublished observations) .
Undoubtedly, the CPC has a role in modulating MT dynamics to facilitate spindle bipolarity. Op18/ Stathmin inhibits MT polymerisation in vitro and is negatively regulated in the vicinity of chromatin during spindle formation (Andersen et al. 1997) . Inhibition of Op18/Stathmin depends on hyperphosphorylation by Aurora B (Gadea and Ruderman 2006) , whilst chromatin beads cannot form bipolar spindles in the absence of CPC activity in Xenopus extracts-an effect that is reversed by co-depletion of INCENP with the MT depolymerising enzyme MCAK (Sampath et al. 2004) . However, there is increasing evidence that the CPC has an additional direct role in generating a population of MTs that incorporate into the growing spindle. Reconstitution of active CPC on beads supports MT assembly in the absence of Ran.GTP (Kelly et al. 2007) , whilst sperm nuclei which generate bipolar spindles in the absence of a Ran.GTP gradient cannot, however, promote local MT generation after either INCENP immunodepletion or chemical inhibition of Aurora B in this system (Maresca et al. 2009b) . Furthermore, the association of active Aurora B with spindle MTs (as opposed to kinetochores) is essential for spindle assembly, with spindle-associated Aurora B effectively transmitting a spatial signal from chromosomes to promote bipolar spindle formation (Tseng et al. 2010) .
Whatever the precise mechanisms, the importance of MT organisation by the CPC in Drosophila is demonstrated by a drastic delay in female meiotic spindle formation in incenp mutants (Colombié et al. 2008) , suggesting a conserved role for the CPC in directing MT generation during spindle formation.
Augmin-generated MTs
Both fluorescence-speckled microscopy of anastral meiotic spindles in Xenopus and live cell imaging of the plus end-associated protein, EB1, in cells without functional centrosomes have revealed a distribution of MT ends throughout the spindle (Burbank et al. 2006; Mahoney et al. 2006) , suggesting that new MTs are generated at sites distant from centrosomes or chromatin during mitosis.
Indeed, recent work has uncovered a set of MAPs, originally identified in Drosophila, that appear to have a role in MT generation from within the spindle Lemmon 1997, 2008; Hughes et al. 2008) . These proteins localise a subpopulation of γ-tubulin to existing spindle MTs, and their absence leads to spindles of lower density with an increased astral population (Goshima et al. 2008; Hughes et al. 2008 ). Termed Augmin, or HAUS (homologous to Augmin subunits; Lawo et al. 2009; Uehara et al. 2009 ), this conserved hetero-octomeric complex has been shown to directly interact with the γTuRC subunit, NEDD1 (Zhu et al. 2008 ), a result that has been independently verified (Teixidó-Travesa et al. 2010) . Thus, a model has been proposed in which Augmin binds existing spindle MTs during prometaphase and targets active γTuRC, facilitating intraspindle MT nucleation (Goshima et al. 2008; Uehara et al. 2009) (Fig. 1) .
Similarly to the centrosomal contribution of MTs to spindle formation, MTs generated by Augmin are dispensable for animal development. Null mutants of the Augmin subunit, Wac, are viable, albeit showing a small, but significant, impact on somatic mitosis (Meireles et al. 2009 ). However, Augmin is essential for the fast and synchronous early embryonic divisions that occur in the embryo of the fly. Mitotic spindles from embryos laid by mothers mutant for the gene encoding the Augmin subunit, msd1, are larger and less dense than their wild-type counterparts, failing in chromosome alignment and segregation (Wainman et al. 2009 ).
Although Augmin has currently only been characterised in Drosophila and humans, it is likely that it exists in other species. Its identification is complicated by the poor conservation at the amino acid level; only regions of four of the eight subunits show significant homology between humans and Drosophila, with some subunits appearing to have homologues in Xenopus and Zebrafish (Uehara et al. 2009 ). However, de novo homology modelling of the other subunits suggests conservation at the level of tertiary structure; three of the four Augmin proteins from either species appear to structurally pair with each other (Fig. 2) . Furthermore, the demonstration that MT minus ends are present throughout the Xenopus spindle (Burbank et al. 2006) , together with recent mathematical modelling of Xenopus meiotic spindle formation in which spindle-driven MT amplification was incorporated (Loughlin et al. 2010) , suggests that this mechanism plays a crucial role in spindle formation.
Other mechanisms of MT generation
Theoretically, any cellular structure that sequesters active MT nucleators could act as a focus for MT generation during spindle formation. Whilst centrosomes, chromatin and existing MTs act as the dominant anchors, there is evidence for additional sites of MT nucleation (Fig. 1) . For example, the remnants of the nuclear envelope and the proposed spindle matrix are both candidates, being partly composed of Nuceloporin (Nup) proteins, some of which have been shown to associate with γ-tubulin (see review by Johansen et al., in this issue). In addition, work in Drosophila spermatocytes in which centrosomes have Fig. 1 Mechanisms known to contribute to mitotic spindle formation. Whilst the centrosome-nucleated pathway dominates in cells containing these organelles, kinetochore-and chromatin-driven MT generation additionally occurs, the latter mediated by both Ran.GTP-and CPC-mediated mechanisms. Current evidence suggests that a pathway involving the Augmin complex has a role in generating MTs from preexisting spindle MTs, increasing its density, whilst in some cells, MT formation from the region of the nuclear envelope and from de novo cytoplasmic foci of γ-tubulin has been reported. Together, these mechanisms combine to ensure robust spindle formation even in the absence of one or more pathways Fig. 2 The predicted tertiary structures of Drosophila and human Augmin subunits are similar despite the absence of significant amino acid homology. Both Drosophila and human Augmin have been shown to contain eight subunits. Of these, four are conserved between species at the amino acid level. The remaining eight amino acid sequences (Drosophila Msd1, Wac, Dgt2 and Dgt8, and human Cep27, Ccdc5, UCHL5IP1 and C14orf94) were subjected to de novo tertiary structure prediction software (I-TASSER; Zhang 2008). Pairwise combinations of the best-fit structures were compared using DALI (Holm et al. 2008) , where scores over 2.0 are considered significant. No significant predicted homology was found between the best-fit structures of Dgt2 and UCHL5IP1. However, three pairs of Drosophila-human structures were identified with high confidence, suggesting that Msd1, Wac and Dgt8 are the orthologues of Cep27, Ccdc5 and C14orf94, respectively been genetically displaced from their normal juxtanuclear position clearly shows MT amplification occurring in the region of the nuclear envelope (Rebollo et al. 2004) , whilst a recent investigation into spindle formation in mouse oocytes also reported the presence of perinuclear MTs contributing to spindle assembly (Schuh and Ellenberg 2007) . Further evidence for nucleation of MTs from membranous structures comes from land-based plants where the generation of a cortical pre-prophase band of MTs occurs upon entry into mitosis (Chan et al. 2005 ; see review by Zhang and Dawe in this issue) and where γ-tubulin associates directly with the nuclear envelope in mitosis (for example, Smirnova and Bajer 1994) and with membranous plastids during meiosis (Brown and Lemmon 1997; Shimamura et al. 2004) .
The cytoplasm, too, is able to generate MTs that contribute to spindle formation, seemingly independently of any symmetry-breaking structure. Haemanthus endosperm cytoplasts (plant cell fragments devoid of nuclei and centrosomes) form large regular arrays of MTs upon entry into mitosis which can arrange into chromosome free mitotic spindles (Bajer and Mole-Bajer 1986) , whilst mouse oocyte cytoplasts nucleate asters of MTs which progressively interact with one another, again forming bipolar spindles (Brunet et al. 1998) . Recent work has shown that over 80 such MTOCs exist in intact mouse oocytes undergoing cell division (Schuh and Ellenberg 2007) , whilst similar acentrosomal MTOCs (aMTOCs), containing both γ-tubulin and Cnn, have also been observed in Drosophila cells devoid of centrosomes, where they contribute substantially to spindle assembly (Mottier-Pavie and Megraw 2009). Together, these studies suggest that cytoplasmic MT generation during mitosis and meiosis is a widespread phenomenon (Fig. 2) .
Part II: Relative contributions of pathways to spindle formation
It is clear that certain mechanisms of MT generation during spindle assembly dominate in certain cells. However, it does not necessarily follow that particular cells only use a subset of these mechanisms. As described earlier, removal of centrosomes from cells genetically, through laser ablation or through RNAi, reveals the concomitant presence of chromatindependent MT nucleation (Khodjakov et al. 2000; Mahoney et al. 2006) . Moreover, the removal of the dominant Ran-driven MT generation pathway in Xenopus extracts uncovered the CPC as an additional regulator of MT generation (Kelly et al. 2007 ). The ability of a single cell to use multiple pathways during spindle formation is further supported by genetic studies in which two mechanisms have been simultaneously disrupted; flies lacking either the core centrosomal protein Cnn (and therefore centrosomedriven MT generation) or the Augmin subunit Msd1 survive to adulthood and form spindles capable of satisfying the SAC. When both pathways are removed, spindle formation is severely compromised, leading to organismal lethality (Wainman et al. 2009 ), supporting a model in which both pathways contribute distinct populations of MTs. However, MTs are still present in these highly disrupted mitoses, accumulating around the mitotic chromatin (Wainman et al. 2009 ). Thus, it seems likely that multiple mechanisms exist in most cells, but that some contribute more to spindle formation than others. So the question is, what determines the preference of the cell to use one pathway to a greater extent than the others?
Spatial regulation of MT nucleation
One possibility is that pathway preference is determined simply by the number of available MTgenerating sites within the growing spindle. For example, the accumulation of γ-TuRC at specific locations will result in the nucleation of MTs from these sites. Thus, the dramatic increase in PCM and associated γ-tubulin at the centrosome seen upon entry into mitosis in most animal cells will directly correlate with the increased nucleating capacity of the centrosome. Similarly, the increase of Augmin binding sites as spindle MTs are newly generated during prometaphase could lead to a proportional increase in γ-tubulin to these MTs and a subsequent increase in MT generation via this pathway. Extending this hypothesis to chromatin or nuclear envelopemediated MT generation, one could argue that the more chromosomal DNA or kinetochores a cell possesses, or the larger the nucleus, the more available nucleation sites would be available and the more these pathways would dominate over others.
Such a direct mechanism could be capable of greater flexibility if the availability of nucleating sites were regulated. This could be achieved either by holding a single MT nucleator (i.e., γ-tubulin) inactive at certain subcellular locations, such that one mechanism predominates, or through regulating a number of different MT nucleators independently of each other. The presence of γ-tubulin complexes in the cytoplasm, which are able to incorporate into foci of MT-generating aMTOCs (Mottier-Pavie and Megraw 2009), is strong evidence for the regulation of γ-tubulin-dependent nucleation. However, the absence of γ-tubulin on mitotic chromatin (except at the kinetochore in certain circumstances, see below) suggests that other proteins may be capable of MT nucleation and therefore may play a role in generating MTs during spindle assembly. Indeed, TPX2 alone appears to nucleate MTs, promote aster formation and bundle MTs in pure tubulin solutions (Schatz et al. 2003) , a process which is enhanced by the addition of the TPX2 binding partner XRHAMM (Groen et al. 2004) . Another Ran.GTP-dependent MAP, ISWI, also has MT nucleation and bundling activity in pure tubulin solutions (Yokoyama et al. 2009 ), whilst work in interphase Drosophila tissue culture cells has led to the suggestion that MTs may be nucleated in the absence of γ-tubulin through interaction between tubulin heterodimers and a complex of MAPs, including EB1, Msps and CLIP-190 (Rogers et al. 2008) . Furthermore, MTs need not be nucleated in order to increase in number during mitosis; MT severing provides an alternative potential mechanism of increasing the number of MTs in the absence of γ-tubulindriven nucleation. Indeed, severing enzymes, such as Katanin in Caenorhabditis elegans, and its orthologue, KL1 in humans, have been proposed to generate new MT seeds during spindle formation (Sonbuchner et al. 2010; Srayko et al. 2006 ).
Temporal regulation of MT generation
As with any dynamic cellular process, temporal restrictions are as important as spatial constraints. It is likely that the variation in pathway usage seen in spindle formation is at least partially due to a partitioning of tubulin, MT nucleators and their binding sites, a partitioning that alters over time. The activation of mitotic cdk-cyclin upon entry into mitosis leads to a cascade of increased MT nucleation.
However, in many cells, this initial increase in cytoplasmic activity occurs prior to onset of nuclear envelope breakdown (NEB), and thus the pool of αβ-tubulin (and indeed γ-tubulin) is itself primarily confined to the cytoplasm. Consequently, any MT nucleating sites within the nucleus-for example on chromatin or kinetochores-will not be able to generate MTs. In contrast, centrosomes and the nuclear envelope itself sit outside of this physical barrier, surrounded by tubulin from the very onset of mitosis. This could explain why, when present, astral MTs generated by the centrosome initially predominate as the main source of spindle MTs, perhaps masking concomitant nuclear envelope-and cytoplasmic-generated MTs. Subsequent to NEB, however, chromatin-and kinetochore-driven MT generation would be initiated, leading to a second burst of MT generation. In such a model, Augmindependent MT generation would be biphasic, initially acting to form new MTs from centrosomally derived spindle MTs, before using the MTs synthesised by chromatin.
Certainly, this is consistent with what is seen in land-based plants lacking centrosomes and Drosophila spermatocytes in which centrosomes have been displaced, where MT generation around the nuclear envelope is visible prior to NEB (see above). One further observation that supports such a temporally restricted model is based on the dynamics of spindle assembly in centrosome-containing cells after transient MT depolymerisation, brought about either by incubation with MT inhibitors or through being placed at 4°C. In both cases, cells progress past NEB, but cannot satisfy the spindle assembly checkpoint, arresting with condensed chromatin in a prometaphase-like state. Upon drug removal or rewarming, respectively, such cells will produce normal mitotic spindles capable of chromosome segregation (see Inoue and Sato 1967) . However, the dynamics of spindle assembly differ from untreated cells. Instead of building their spindles via MT generation from the centrosomes, spindle formation proceeds primarily from kinetochores and/or chromatin, with the centrosomes initially contributing only a minor proportion (see, for example, Torosantucci et al. 2008; Bucciarelli et al. 2009 ). This correlates with an enrichment of kinetochore-associated γ-tubulin, which is normally only very weakly present at kinetochores during spindle formation, and, addition-ally in Drosophila tissue culture, Augmin, which is normally absent (Torosantucci et al. 2008; Bucciarelli et al. 2009 ). These results can be adequately explained by the temporal activation model described above; cold-treated mitotic cells progress through the normal cascades associated with cdk-cyclin activation such that they end up in a "metaphase-like" cytoplasmic state, with no nuclear-cytoplasmic boundary, and with "primed" MT nucleating sites at the kinetochores, but they cannot begin MT generation. Once the temperature restriction has been removed, however, spindle formation occurs via a "free for all", with each mechanism competing for the available tubulin.
The temporal model of spindle formation may also suffice, at least partly, as an explanation of the different extents to which Augmin-generated MTs contribute to spindle formation in different Drosophila tissues. Genetic removal of Augmin from larval neuroblasts appears to have no effect on the shape or size of the mitotic spindle, as assessed by indirect immunofluorescence of metaphase cells (Meireles et al. 2009; Wainman et al. 2009 ). In contrast, the mitotic spindles of syncytial blastoderm embryos laid by this same mutant are less dense and longer than their wild-type counterparts, with apparently larger MT asters (Wainman et al. 2009 ). However, a key difference in spindle formation between these two cell types is the strength of the spindle assembly checkpoint. In neuroblasts, the checkpoint ensures that anaphase proceeds only after the formation of a robust spindle, with a full complement of kinetochore-kMT attachments. In contrast, the syncytial nature of the early embryo can result in a "communal" progression through mitosis where the status of the majority of spindles overrides individual nuclei. In msd1 mutant embryos, although the initial burst of MT generation from the centrosomes occurs as in wild type, NEB and robust spindle formation are delayed in some nuclei. Interestingly, during this delay, MT generation also appears to occur around the corresponding nuclear envelopes (our unpublished observations). However, these spindles continue through, and exit, mitosis with only a minor delay, manifesting the comparatively weak spindle density phenotype. In contrast, the delay in spindle formation due to loss of Augmin in neuroblasts will be compensated for by the increased time spent in prometaphase, which will allow the other MT-generating pathways (e.g. chromatin-mediated) to gradually contribute to spindle formation.
Integrated regulation of spindle formation pathways
The above observations suggest that spindle formation occurs in a partitioned and stepwise manner, with the sequential activation of a number of distinct pathways of MT generation, dependent upon the local availability of required resources.
However, one intriguing possibility, which could also contribute to the differential activity of individual mechanisms seen in different cells, is that the pathways of MT generation positively or negatively regulate each other. Certainly, some intrinsic regulation exists; spindle formation does not persist unabated throughout mitosis. Instead, a steady state is reached in which a mature mitotic spindle is still in an environment supporting MT generation, but does not continue to nucleate MTs to the same extent (this is perhaps best visualised in a thought experiment for Augmin which uses preexisting spindle MTs to generate new ones. Without regulation, this would be expected to generate and maintain an exponential increase in spindle MTs over time-something that clearly does not happen). Thus, feedback mechanisms regulating the overall density of the mitotic spindle must exist.
Indeed, there is evidence of cross talk between pathways; for example, when centrosomes are removed from a cell normally containing them, the dynamics of kinetochore-and chromatin-driven generation increases (Torosantucci et al. 2008; our unpublished observations) . Although this could be attributed to increased resources being available for a subsequently activated pathway upon removal of a preceding one (as described in the previous section), this would not account for other observations; when Augmin-dependent MTs are reduced in Drosophila tissue culture cells, or in the organism, there is a concomitant increase in centrosomal MT generation (Goshima et al. 2008; Hughes et al. 2008; Wainman et al. 2009) . A similar phenomenon has been reported in the absence of chromatin-driven MTs (Mottier-Pavie and Megraw 2009). As astral MTs are formed in advance of Augmin-generated ones, it is difficult to see how removal of Augmin could lead to increased centrosomal nucleation in the absence of additional regulators that recognise the overall combined con-tributions of the pathways. Identifying the proteins responsible for this potential cross talk should perhaps be an important goal to aid our understanding of spindle formation.
Part III: Towards an understanding of spindle formation
From the above discussion, it is clear that there is still much to learn about the way in which a cell takes a series of discrete MT-generating sites and converts them over time into an integrated, dynamically stable structure capable of both generating force and relaying positional information. It should be similarly clear that further insights will require a fusion of traditional approaches and new technologies.
Mechanistic insight is likely to come from in vitro systems in which the individual pathways can be probed. The isolation of centrosomes via centrifugation, and their subsequent immobilization onto coverslips, has been proven to be an excellent assay with which to examine centrosome-dependent MT nucleation. Initially carried out in HeLa cell extracts (Telzer and Rosenbaum 1979) , similar assays have been developed in other mammalian cells (e.g. Kuriyama 1984) and Drosophila (Moritz et al. 1998) .
In particular, Xenopus extracts and demembranated Xenopus sperm nuclei have allowed the development of assays to investigate centrosomal-based MT nucleation (Sawin and Mitchison 1991) . Combined with immunodepletion, this has been a powerful tool for the in-depth characterisation of proteins controlling MT dynamics during spindle assembly (e.g. Boleti et al. 1996; Wittmann et al. 2000) . Addition of plasmid DNA to Xenopus extracts has additionally allowed the role of chromatin-mediated MT generation to be probed (Heald et al. 1996; Sampath et al. 2004; Kelly et al. 2007) . Recently, this has been taken to quantitative levels, examining the exact quantity of chromatin required to make a mitotic spindle, and the effect that chromatin shape has on the resulting spindles through lithographic micropatterning (Dinarina et al. 2009 ). Other advanced techniques in Xenopus, such as the use of piezoresistive dual cantilevers to quantitatively measure the mechanical forces intrinsic to in vitro spindles may, when combined with pathway disruption through immunodepletion, assist in teasing apart the properties of populations of MTs generated by different pathways (Itabashi et al. 2009) .
The ability to model the dynamics of MTs, their movements in relation to one another and the activities of MAPs that regulate their function has also led to computational modelling of aspects of spindle assembly. Most notably, increasingly complex models of spindle self-organisation have been constructed based around observations from Xenopus, which predict contributions to spindle formation of MTs derived from centrosomes, chromatin and Augmin, and explain many of the emergent features and properties of a bipolar spindle (Schaffner and Jose 2006; Burbank et al. 2006; Loughlin et al. 2010 ). In addition, mathematical models of centrosome separation and spindle formation in Drosophila embryos have provided hypotheses that can be tested genetically or through the use of interfering antibodies (see Civelekoglu-Scholey and Scholey 2010 for review).
However, descriptive cell biology, qualitatively similar to the "poke it and see" morphological studies of old, still has much to offer, with expert observation and intuition providing insights that otherwise would go unnoticed. Moreover, by coupling cutting-edge live imaging technologies with quantification of the detailed distribution of MTs, data can be extracted and subjected to statistical analyses which can uncover trends facilitated by distinct populations of MTs over time. Qualitative observations and quantitative parameters between different samples thus allow comparative information to be obtained-relating both to the extent to which each pathway functions in different cells of the same organism (i.e. the developmental context of the pathway) and to the extent to which one pathway relates to another (though the removal or perturbation of one or more pathways in a single cell type). The main difficulty with such analyses has been the ability to image and measure the nucleation and changes in dynamics of single MTs; the density of MTs within the growing spindle is simply too great. However, there are techniques that allow such measurements to be made. The incorporation of fluorescent tubulin into non-labelled MTs, at low levels (~0.5% of total tubulin), results in the formation of MT "speckles" whose trajectories can be tracked over time (Waterman-Storer et al. 1998 ). This method has been used in many organisms, including newt, Xenopus, yeast and Drosophila, to investigate spindle dynamics. (Waterman-Storer et al. 1998; Maddox et al. 2000 Maddox et al. , 2002 . Additionally, the ability of the MT plus end-binding protein EB1 to localise to the distal 2-3 μm of growing MTs has resulted in its use as a reporter of new MT generation-the appearance of new EB1-GFP "comets" within the mitotic spindle will occur when new MTs are actively generated. By comparing the number and dynamics of EB1-GFP punctae over time in normal cells, with those lacking particular pathways of MT generation, the contribution of these individual mechanisms has been examined (for example, Chan et al. 2005; Mahoney et al. 2006; Liang et al. 2009; Wainman et al. 2009 ). However, there is scope for this type of analysis to contribute much more to the understanding of MT generation during mitosis; the advent of new biophysical techniques, such as real-time superresolution microscopy (Wolter et al. 2010 ) and singlemolecule lifetime imaging (Mirny and Needleman 2010) , coupled to faster acquisition times, should allow higher spatiotemporal resolution of the accumulation of MT nucleators simultaneously with individual MT dynamics.
Summary
The traditional view of the mitotic spindle apparatus as a molecular machine which is built through a defined irreversible set of instructions is gradually being replaced. It can instead be envisaged as a selfregulating dynamic structure where multiple pathways of MT generation are spatially and temporally controlled and integrated, constantly "talking" to one another and modifying the behaviour of their MTs in order to maintain a flexible yet robust steady-state spindle. Through taking a holistic view, methodologically and conceptually, we can continue to learn more about how this fundamental biological process takes place.
